Estrogens are steroid hormones that have been implicated in a variety of cellular and physiological processes in the development of diseases such as cancer and are also known to be associated with the effects of endocrine disrupting chemicals. Here we show that 17␤-estradiol (E 2 ) alters microRNA (miRNA) expression profiles in the adult zebrafish (Danio rerio). An association between E 2 and the expression of 25 miRNAs was found 12 h after treatment. Among the most up-regulated miRNAs were miR-196b and let-7h, and the most downregulated miRNAs included miR-130c and miR-101a. Tissuespecific changes in the transcripts levels of estrogen receptors (Esr1, Esr2a, and Esr2b) and miRNAs were found after hormone treatment. The most up-regulated miR-196b and its precursors are highly expressed in the skin and showed similar tissue-specific expression patterns after treatment, indicating a common pattern of regulation by E 2 . MiR-196b was shown to fine-tune the expression of its target gene Hoxb8a after treatment in whole-body homogenates. Taken together, our results suggest a novel pathway for the multifunctional and pleiotropic effects of estrogens and open new directions for future investigations of their association with miRNAs involved in estrogen-regulated physiological processes and diseases.
E STROGENS ARE STEROID hormones that have wide effects on different cellular and physiological processes (1, 2) and are known to be involved in the development of diseases such as cancer (3) . Despite the existence of a significant body of work on gene regulation by 17␤-estradiol (E 2 ), no comprehensive research was conducted on the regulation of microRNAs (miRNAs) by estrogens. miRNAs are 18-to 25-nt noncoding segments of RNA that negatively regulate gene expression at the posttranscriptional level and act in the fine-tuning of gene functions (4) . Little is known about signals that induce miRNAs expression and there are only few examples for hormonal regulation of miRNAs (5) , but some of them are associated with human disease, including cancer. Variability in miRNA expression profiles is associated with different estrogen receptor (ER) phenotypes of breast cancer (6, 7) , raising the question whether ERs and their ligand E 2 regulate the expression of miRNAs. This question is of importance as specific attention has been drawn to the effect of endocrine-disrupting chemicals, acting through estrogenic pathways (8) . In oviparous vertebrates, including fish, the formation of eggs, a process known as vitellogenesis, consists of highly regulated pathways involving E 2 (9) . E 2 regulates the synthesis of vitellogenins (Vtgs) in the liver of females but also the liver of E 2 -treated males responds by synthesizing Vtgs and other proteins associated with vitellogenesis (10) .
Most data to date supports the premise that estrogen action is mediated principally through the classical mechanism, in which estrogens diffuse into the cell and bind to ERs. Subsequently binding occurs in specific palindromic sequences of estrogen response elements (EREs), in the promoter region of estrogen-responsive genes (11, 12) . To date, two ERs (ER␣ and ER␤1, designated as Esr1 and Esr2b, respectively, in zebrafish) have been characterized in mammals, birds, amphibians, and fish, and a third receptor, ER␤2 (designated as Esr2a in zebrafish), was discovered in teleost fish (13) . Clear distinctions were found in the expression and tissue distribution of the different ERs, suggesting different functions for each ER subtype (14, 15) .
Here we show the association between E 2 and miRNAs in vivo in the zebrafish (ZF), in which about 250 mature miRNAs have been identified; many of them were found to be evolutionarily conserved in other animals and show tissue specific expression patterns (16, 17) .
Materials and Methods

E 2 treatment and sample collection
Adult ZF (3 months old) were purchased from a commercial ZF culture facility (A & H Holdings Ltd., Beit Itzhak, Israel) and maintained under conditions of a 14-h light, 10-h dark cycle. All fish were anesthetized with Tricaine (Sigma, St. Louis, MO) before experimental procedures (18) , adhering to institutional regulations. ZF males were exposed to E 2 (Sigma) by immersion (19) . The concentration used was 5 g/liter (18 nm) because 3-4 ng/ml E 2 was determined as the natural concentration in the plasma of adult vitellogenic female ZF (20) . Ten fish were kept in each aquarium (6 liters in volume). Fish and tissue samples were collected after treatment at each time point (0, 1, 4, 12, and 24 h). The levels of E 2 in the plasma were determined in a separate experiment in which samples (at 0, 4, 12, and 24 h) were collected by heparinized capillary tubes (VWR, West Chester, PA) from males exposed to 5 g/liter E 2 by immersion. E 2 concentration in the plasma was determined by ELISA (estradiol enzyme immunoassay kit; Cayman Chemicals, Ann Arbor, MI), according to the manufacturer's instructions. The sex of each sampled fish was confirmed by dissection. Samples were frozen instantly in liquid nitrogen and stored at Ϫ80 C.
RNA extraction, polyadenylation, and reverse transcription
RNA extraction was carried out using Trizol reagent (Invitrogen, Carlsbad, CA). Fish were weighed and 1 ml Trizol per 100 mg of fish weight was added, and the samples were homogenized. Four tissues were collected from four different individuals, and 1 ml Trizol was added to one tube containing the pooled samples. Polyadenylation and reverse transcription of RNA were carried out as described before (21) . In brief, total RNA (5 g) was treated with RQ1 deoxyribonuclease I (Promega, Madison, WI), and after phenol-chloroform extraction and ethanol precipitation, the treated total RNA was polyadenylated by Poly(A) polymerase at 37 C for 1 h, using the A-plus Poly(A) polymerase tailing kit (Epicentre, Madison, WI). The RNA was reverse transcribed using 200 U SuperScript II reverse transcriptase (Invitrogen) and 1 g poly(T) adapter (GCGAGCACAGAATTAATACGACTCACTATAG-GTTTTTTTTTTTTVN) at 42 C for 1 h.
Semiquantitative RT-PCR
Total RNA was reverse transcribed using oligo(dT) primer (dT 23 VN) and Bio-RT reverse transcriptase (Bio-Lab Ltd., Jerusalem, Israel). Amplification of mRNAs was carried out with specific sets of primers for Esr1, Vtg3, and Ef1␣ (supplemental Table S1 , published as supplemental data on The Endocrine Society's Journals Online Web site at http:// endo.endojournals.org), using Ready Mix (Bio-Lab) for 35 cycles with a final annealing temperature of 60 C. The PCR products were analyzed on ethidium bromide-stained 1.5% agarose gel.
Primer design and real-time RT-PCR
Total RNA was isolated, polyadenylated, and reverse transcribed as described before. The PCR mixture consisted of 1 l of cDNA sample, 70 nm of each primer, and 12.5 l of SYBR Green mix (Abgene, Epsom, UK), in a final volume of 25 l. Amplification was carried out in a GeneAmp 5700 thermocycler (PE Applied Biosystems, Foster City, CA) under the following conditions: initial denaturation at 95 C for 15 min, followed by 40 cycles of denaturation at 95 C for 15 sec and annealingextension at 60 C for 1 min. Amplification of cDNAs was preformed in triplicates and sd of mean values was lower than 0.16 in all determinations. The relative abundance of ERs and Hox mRNAs were normalized to the amount of the elongation factor (Ef1␣) (22) using the equation: 2 Ϫ ⌬CT with ⌬CT ϭ (CT ER Ϫ CT EF). ⌬CT corresponds to the difference between the CT (cycle threshold) measured for the target gene and the CT measured for the reference gene. Expression of miRNAs was calculated using the formula 2 Ϫ ⌬CT with ⌬CT ϭ (CT miRNA Ϫ CT reference RNA), whereas in addition to Ef1␣, U11, and 7SK, small nuclear RNAs also served as reference genes because more than one reference gene provides additional accuracy to the calculated normalizations (23) . Analysis of real-time RT-PCR data was performed using the REST-384 ␤ version 2 software (24) . For the detection of mature miRNAs, the forward-specific primer sequence was the same as the mature miRNA sequence (21) . Sequences were derived from the Sanger Institute miRBase (release 8.1) and Kloosterman et al. (17) . The reverse primer (GCGAGCACAGAATTAATACGAC) in the amplification was fixed in all the reactions (21) . For amplification of miR-196b precursors, primers were designed to the miRNA hairpin structure, as in Schmittgen et al. (25) . Because the hairpin is contained within both the pri-miRNA and the pre-miRNA, primers designed to the hairpin should simultaneously amplify both RNAs (25) . The list of primers is shown in supplemental Table S1 . All primers were designed by Primer3 program (http:// frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and purchased from Sigma. They were validated for amplification efficiency and resulted in a single band by gel electrophoresis. The PCR products and the 10-bp OrangeRuler marker (Fermentas, Hanover, MD) were analyzed on ethidium bromide-stained 12% polyacrylamide gel.
miRNA microarray miRNA microarray analysis was carried out by LC Sciences (Houston, TX; http://www.lcsciences.com/). Hybridization experiments were performed on RNA that was extracted from ZF whole-body homogenates. In brief, 5 g of total RNA from untreated and E 2 -treated ZF FIG. 1. Induced expression of ERs and Vtg after E 2 treatment. A, E 2 concentrations in the plasma of control and E 2 -treated male fish (mean Ϯ SEM; n ϭ 4). B, Results shown are of semiquantitative RT-PCR, using primers sets for Esr1, Vtg3, and Ef1␣ (elongation factor 1␣) at different time points after E 2 treatment. RNA was extracted from ZF whole-body homogenates, and PCR products were analyzed on ethidium bromide-stained 1.5% agarose gel. C, Relative real-time RT-PCR results of Esr1, Esr2a, and Esr2b mRNA levels (mean Ϯ SEM; n ϭ 3) at different time points after E 2 treatment. The expression was calculated relative to Ef1␣ as a reference gene. RNA was extracted from whole-body homogenates of control and treated fish. Asterisks represent statistically significant differences (one-way ANOVA, StudentNewman-Keuls post hoc test; **, P Ͻ 0.01).
FIG. 2.
Alterations in miRNA expression profiles after E 2 treatment. A, Heat map representation of differentially regulated miRNAs at different time points after E 2 treatment (log 2 scale; t test, P Ͻ 0.01). Red denotes high expression and green low expression. The range of expression values is from Ϫ3-fold to ϩ3-fold; however, the expression map is saturated, and thus, the true variation in expression may be greater. Hybridization experiments were performed by LC Sciences on RNA that was extracted from ZF whole-body homogenates. Microarray results were hierarchically clustered using the GeneCluster program. Microarray data were submitted to ArrayExpress (accession no. E-MEXP-1147). B, Microarray analysis results of 38 ZF miRNAs that were differentially expressed (one-way ANOVA, Student-Newman-Keuls post hoc test, P Ͻ 0.05). The values on the y-axis are normalized expression ratios (fold scale) of the mean of three biological replicates. The values are presented in supplemental Table 2 were size fractionated [Ͻ300 nucleotides (nt)] by YM-100 Microcon centrifugal filter (Millipore, Bedford, MA), and Poly(A) tails were added to the RNA sequences at the 3Ј ends using a Poly(A) polymerase, and nucleotide tags were then ligated to the Poly(A) tails for later fluorescent dye staining.
Dual-sample array assays were used, in which two sets of RNA sequences were added with tags of two different sequences and then combined together. The RNA sequences were hybridized overnight in a Paraflo microfluidic miRNA microarray chip using a microcirculation pump. Tag-specific Cy3 and Cy5 staining dyes were then circulated through the microfluidic chip to complete labeling. Fluorescence images were collected using a laser scanner. In this study, each miRNA microarray chip contained 268 ZF mature miRNA probes [including miRNA* (miRNA star)] and 246 miRNA s-probes (most of these probes are directed to a partial miRNA* segment). Each miRNA probe had seven repeats. Array sequence contents were derived from the Sanger Institute miRBase (release 8.1) and Kloosterman et al. (17) . Sequences and chip content were submitted to ArrayExpress (accession no. E-MEXP-1147). For assay experimental design, RNA from one of three different treated fish (representing biological replicates) of each time point was hybridized with RNA from one of three different control fish in one miRNA chip. Dye swap was used to eliminate labeling-related biases.
Statistical data analysis
Microarray data were analyzed by first subtracting the background and then normalizing the signals using a LOWESS filter (locally weighted regression). Normalized data were further analyzed by ANOVA using the software GeneSpring GX (version 7.3.1; Agilent Technologies, Santa Clara, CA). A miRNA to be listed as detectable must meet at least two conditions: signal intensity higher than three times (background sd) and spot coefficient of variation Ͻ 0.5, where coefficient of variation is calculated as (sd)/(signal intensity). In addition, where signals were detected for less than three of the repeats, they were considered unreliable and excluded from sets of detected miRNAs. In the dual-sample experiments, the ratio of the two sets of detected signals (log 2 transformed, balanced) and P values of the t test were calculated. Differentially detected signals were those with P Ͻ 0.01. Microarray data were hierarchically clustered using the GeneCluster program (26) . Dendrograms and expression maps were generated by the Treeview version 1.6 program (26). Statistical analysis was performed using the software XLSTAT (Addinsoft Inc., Paris, France).
Bioinformatics data analysis
All miRNA sequences were obtained from miRbase database (27) (http://microrna.sanger.ac.uk/sequences/).
A list of validated miRNA target genes was derived from the TarBase database (28) (http://www.diana.pcbi.upenn.edu/tarbase.html). The list of ZF ortholog genes and gene ontology was obtained from the Zebrafish Information Network database (29) (http://zfin.org/). Zebrafish 3Ј untranslated region (UTR) sequences were obtained from the University of California, Santa Cruz, genome browser (30) (http://genome.ucsc.edu/). miRanda (version 1.0) software (31) was used for finding miRNA target sites in the 3ЈUTR sequences. Dragon ERE finder (version 2.0) program (32) was used for finding putative EREs in the ZF genome.
Results
Revealing spatiotemporal expression patterns of ERs and miRNAs after E 2 treatment
To elucidate whether E 2 affects the expression profiles of miRNAs, we performed a time-course experiment at 0, 1, 4, 12, and 24 h, with whole-body homogenates and tissues obtained from E 2 -treated male ZF. The mean values for E 2 in the plasma of fish ranged from 0.97 (controls) to 5.12 ng/ml in treated fish (Fig. 1A) . A peak in the expression of Esr1 was observed in ZF whole-body homogenates 12 h after treatment (Fig. 1, B and C) , coinciding with the expression of Vtg3 (Fig. 1B) and confirming the efficacy of the treatment. Microarray analysis ( Fig. 2A) , followed by ANOVA, revealed 38 differentially expressed miRNAs during different time points of the experiment, and 25 of these miRNAs were regulated mainly 12 h after treatment (Fig. 2B and supplemental Table S2 ). Among the most up-regulated miRNAs were miR-196b, let-7h, and let-7d and the most down-regulated miRNAs included miR-130c, miR-130a, and miR-101a ( Fig. 2B and supplemental Table S2 ). Microarray results were verified by testing the expression of selected eight miRNAs in real-time RT-PCR (Fig. 2C) .
miRNA expression in the ZF is tissue dependent (17, 33) . Therefore, the miRNA expression patterns were evaluated in four different tissues: the liver, intestine, skin, and gills (Fig.  3, A and B) because these tissues showed variable ER expression patterns in response to E 2 treatment (Fig. 3C) . Results show that the expression of Esr1 is most up-regulated in the liver (Fig. 3C) , in which miR-19a, miR-101a, and miR-122 are mostly expressed (Fig. 3A and Table 1 ). E 2 treatment reduced the expression level of most miRNAs in the liver (Fig. 3B) . Esr2a shows up-regulation in the skin, intestine, and gills (Fig. 3C) . Esr2b shows relatively low up-regulation in the intestine and down-regulation in the other tissues (Fig. 3C) . Whereas in the skin most miRNAs were up-regulated, the E 2 treatment resulted in down-regulation of miRNA expression in the gills and almost no change (except for miR-196b) in the intestine. To evaluate the relative expression level of miRNAs in the different tissues (in untreated fish, Fig. 3A ), the expression of each miRNA was set as 1 for the tissue showing the lowest expression level and the level in the other tissues was compared with the level in this tissue. For example, for miR-122, the expression level in the skin was set as 1 and progressively higher expression levels are shown in intestine, gills, and liver.
We next compared the expression patterns of miR-196b to 4A ) and show similar tissue-specific expression patterns after E 2 treatment (Fig. 4B) . The expression patterns after E 2 treatment showed up-regulation of miR-196b in the skin and down-regulation in the intestine and liver.
The relation between miR-196b and Hoxb cluster genes
Our results show that miR-196b is the most up-regulated miRNA in whole-body homogenates after E 2 treatment (Fig.  2B and supplemental Table S2 ). Like other miR-196 family members (34) , miR-196b is embedded in the Hoxb cluster in the ZF genome (Fig. 5A ). To reveal whether there is an association among E 2 , miR-196b, and Hox genes in the adult ZF, Dragon ERE Finder program was used (32) and disclosed four putative EREs in the Hoxb cluster (Fig. 5A ): 1) 8109 nt upstream of Hoxb10a (reverse complement strand: AG-GATCC-TTA-TGACC-TG), 2) 7674 nt upstream of Hoxb8a (forward strand: CA-GCGGA-ATT-TGACC-AT), 3) 6120 nt downstream of Hoxb7a (reverse complement strand: CT-CGTCC-ACA-TGACC-AT), and 4) 8795 nt downstream of Hoxb7a (forward strand: AA-AGTCG-TGT-TGACC-TT). A number of variations were found on the ERE consensus sequence of 5Ј-C(A/G)GGTCAnnnTGACC(T/C)G-3Ј that accommodate stable ER binding (35) .
The expression patterns of four hox genes after E 2 treatment show that Hoxb8a is up-regulated 12 h after treatment in whole-body homogenates, using real-time RT-PCR (Fig.  5B) . Hoxb8a induction coincides with the up-regulation of Hoxb7a, another member of this cluster, but there is no significant induction of Hoxb9a or of Hoxb10a (Fig. 5B) .
The association of miR-196 and its target gene Hoxb8a after E 2 treatment
It is known that miR-196 regulates Hoxb8 by a directed cleavage mechanism (36) . To further investigate the mode of regulation of miR-196b, we designed two primer sets (Fig.  6A) , in which one primer set encompasses the miR-196 binding and cleavage sites, and the other primer set is located 35 nt upstream of the miR-196 binding site and will therefore amplify the polyadenylated 5Ј segment of the cleaved Hoxb8a mRNA. Results show a significant decrease in Hoxb8a expression in whole-body homogenates after E 2 treatment with the primer set that encompasses miR-196b cleavage site (Fig.  6B) , indicating that miR-196b repressed Hoxb8a expression. However, E 2 treatment did not change the Hoxb8a expression in the skin, possibly due to the general low level of expression of Hoxb8a in this tissue (data not shown).
Discussion
In vertebrates, E 2 regulates reproduction but also a large array of physiological processes such as growth; differentiation; metabolism; homeostasis of male and female reproductive organs; and functioning of the skeletal, cardiovascular, immune, and central nervous systems (1-3) . Our results show that E 2 regulates the expression of miRNAs and thus contributes to improve our understanding of the wide pleiotropic effects of estrogens. E 2 affects the expression of several miRNAs in the adult ZF, probably through Esr1 and/or Esr2a. Esr1 and Esr2a are the only ER genes that were significantly induced together with Vtg3 after E 2 treatment (Fig. 1, B and C) . These ERs are also known to be responsible for the regulation of other Vtg genes (37) . A variable pattern of ERs expression was found in the various tissues, with Esr1 mostly up-regulated in the liver and Esr2a in the skin, in- Table 1 ). dre-miR, Danio rerio microRNA.
testine, and gills, supporting previously published results in fish (38) . The regulation of Esr2b is significantly lower than that of the other ERs (Figs. 1B and 3C) (38) . The pattern of miRNAs expression changed after E 2 treatment (Fig. 3B) , with the down-regulation of most of the miRNAs in the liver and their up-regulation in the skin. These results may reflect events occurring at the onset or during vitellogenesis because E 2 levels in the plasma of treated males (Fig. 1A) were within the range found in vitellogenic females (20) .
Regulation of miRNAs is expected to be associated with functional changes of their target genes. For example, it has been reported that the liver-specific miR-122 modulates lipid metabolism through regulation of genes that are involved in this process (39) . Additional putative target genes could be identified through the discovery of evolutionary conserved miRNA binding sites in their 3ЈUTRs (supplemental Table  S3 ). Whereas only a relatively small number of miRNA target genes have been verified so far in animals, computational predictions show that each miRNA can potentially regulate the expression of hundreds of different genes (27) . It can therefore be assumed that the observed alterations in miRNA expression profiles after E 2 treatment lead to changes in a large array of miRNA target genes, thereby contributing to the pleiotropic effects of estrogens on different cellular and physiological processes. In most animals, miRNAs are believed to act by repressing translation (4) , and recent studies have demonstrated that miRNAs also induce mRNA degradation or cleavage, even if the target sites have incomplete complementarity to the miRNA (40) . Therefore, an approach that combines miRNA expression profiles together with transcriptome and proteome analyses of E 2 -treated fish will be required to elucidate the global role of miRNAs in estrogen regulation pathways (41) .
A detailed study of the expression of miR-196b, the most up-regulated miRNA after E 2 treatment, revealed its close association with Hoxb8a, one of the validated target genes of miR-196b (supplemental Table S3 ). In the adult ZF, induction of miR-196b may serve for fine-tuning regulation of Hoxb8a expression after E 2 treatment. This type of loop (Fig. 7) was described before regarding the role of miRNAs in the canalization of genetic networks (42) . The induction of Hoxb8a after E 2 treatment coincided with the up-regulation of Hoxb7a, another member of this cluster, but there was no induction of Hoxb9a (Fig. 5B ). This pattern of regulation is reminiscent of observations made by Mansfield et al. (43) , in which miR-196 was shown to have a Hox-like expression pattern during mouse embryonic development but differed from those of its nearest neighbors (Hox9-group genes). It is worth mentioning that during mouse embryonic development, miR-196 was found to inhibit Hoxb8 expression after treatment of retinoic acid (44) , the ligand of the retinoic acid receptor, another member of the nuclear hormone receptor superfamily (45) . In this study (44) , a key morphogen, Sonic Hedgehog, was the Hoxb8 downstream target, regulated by miR-196. Interestingly, miR-214, another E 2 up-regulated miRNA (supplemental Table S2 ) was shown recently to modulate Hedgehog signaling during ZF embryonic development (46) . Several hormones, including E 2 , were shown to regulate Hox genes expression and thereby mediate developmental processes in the embryo as well as functional differentiation in the adult mammalian organism (47) . Because our results and the results of others (48) The first primer set encompassing miR-196 binding site consists of the forward primer and reverse primer 2. The second primer set consists of the forward primer and reverse primer 1. B, Relative real-time RT-PCR analysis of Hoxb8a mRNA levels (mean Ϯ SEM; n ϭ 3) in whole-fish homogenates 12 h after treatment relative to untreated fish, using the two different primer sets for Hoxb8a mRNA. The difference in the mean value between the two PCR products was significant (one-tailed t test; *, P ϭ 0.02).
also suggest an association among ERs, miRNAs, and Hox genes during different stages of animal development (14, 49, 50) .
The exact mechanisms for miRNAs regulation by estrogen still have to be elucidated and may include regulation at the transcriptional and pri/pre-miRNA processing levels. The similar expression patterns of the mature and the precursors of miR-196b suggest the occurrence of regulation at the transcriptional level (25) . It will be interesting to reveal whether miR-196b is regulated by E 2 also in human cells, especially because there is evidence that miR-196 genes are among the induced miRNA genes in human breast (6), lung and prostate (51) , and pancreatic cancers (52) . The observation that miR196b was the most up-regulated miRNA after E 2 treatment could be related to the fact that it was highly expressed in the skin. Therefore, miR-196b may also be used as a biomarker of exposure to environmental estrogens and endocrine-disrupting chemicals that fish may encounter in their aquatic environment.
